INFECTION WITH HIV is characterized by active viral replication causing the immunodeficient state that typifies the acquired immunodeficiency syndrome (AIDS). The HIV replication cycle involves binding of the retrovirus to specific membrane receptors on target cells (i.e., CD4) and release of RNA and viral enzymes into the cytoplasm (40) . To combat viral replication, a regimen of highly active antiretroviral therapy (HAART) targeted toward inhibiting the reverse transcriptase (RT) and viral protease is used. The combination therapy includes nucleoside and nonnucleoside RT inhibitors (NRTIs and NNRTIs) and HIV protease inhibitors (HIV-PIs).
Over the past two decades, the number of people worldwide living with HIV/AIDS has risen to nearly 40 million (35) . The introduction of protease inhibitors in 1995 has resulted in marked decreases in mortality among HIV ϩ patients from 30% achieved with RT combination therapy alone to 8% with the addition of a protease inhibitor (33) . The beneficial effects of protease inhibitors in combination with NRTIs/NNRTIs is evidenced by the dramatic decreases in HIV plasma viremia, in marked reductions in opportunistic infections, and in mortality and morbidity among HIV ϩ patients (1) . However, inclusion of protease inhibitors in the therapeutic regimen is also associated with peripheral lipoatrophy, visceral adiposity, hyperlipidemia, insulin resistance, hyperglycemia, and overt type 2 diabetes mellitus (7) . The development of these metabolic complications, analogous to the metabolic syndrome (37) , may be affected by multiple factors, including genetic background, age, environmental/behavioral factors, anti-HIV medication exposure, host-inflammatory factors, and other medications used (12) . However, they are reported to occur in 60 -80% of HIV ϩ patients treated with protease inhibitors and are associated with significant risk for cardiovascular disorders in these patients (13) .
Oral glucose tolerance and hyperinsulinemic-euglycemic clamp procedures reveal glucose intolerance and insulin resistance in HIV ϩ patients treated with HAART that included protease inhibitors (5, 17) . Development of these metabolic abnormalities was found to be associated with the inclusion of a protease inhibitor, but less frequently associated with NRTI or NNRTI use (41) or demographic factors (33) . Furthermore, the metabolic sequelae were evident in HIV-seronegative people acutely exposed to select protease inhibitors (21) . In those studies, indinavir or ritonavir/lopinavir were found to impair glucose tolerance and inhibit insulin-stimulated glucose disposal. These and other findings demonstrating that several protease inhibitors cause insulin resistance and diabetes (4, 30, 42) led to the suggestion that they may be a drug class effect (24) . Conversely, the recently introduced protease inhibitor atazanavir, which contains an additional ring-like structure (15) , was reported to not cause insulin resistance or diabetes when administered for a short time to HIV-seronegative people (31) . However, atazanavir has since been shown to disrupt the insulin-signaling pathway in cultured adipocytes (19) . Thus, although atazanavir might be considered the protease inhibitor of choice, its potential metabolic effects have not been adequately elucidated.
Several mechanisms have been proposed for protease inhibitor-induced insulin resistance and diabetes. These include inhibition of glucose transporter 4 (26) ; decreased conversion of proinsulin to insulin (4, 18) ; increases in soluble type 2 TNF␣ receptors (28) reflecting activation of the TNF system by TNF␣, a known inducer of insulin resistance (16) ; and reductions in the release of adipocyte-derived adiponectin, which enhances insulin-stimulated suppression of hepatic glucose production and increases in peripheral glucose disposal (27) . Furthermore, "lipotoxicity" due to 1) increased subcutaneous fat loss that results in increases in circulating fatty acids (14) , which when taken up by muscle inhibit insulin-signaling (11), 2) inhibition of adipogenesis leading to suppression of lipogenesis and stimulation of lipolysis (23), 3) dysregulation of CD36 (9), a facilitator of fatty acid uptake, or iv) decreases in adipocyte-derived perilipin, a regulator of lipid metabolism, leading to stimulation of lipolysis (39) is thought to act in concert with other metabolic perturbations to promote protease inhibitor-induced insulin resistance and diabetes.
Collectively, these studies suggest that the manifestation of insulin resistance and diabetes during protease inhibitor treatment is associated with dysregulation of various factors and pathways. Unfortunately, a limitation of these studies is that they involved acute exposures to protease inhibitors under in vitro conditions. Furthermore, very few studies have considered the potential effects of protease inhibitors on pancreatic ␤-cells. In view of the overwhelming evidence that the beneficial effects of protease inhibitors must be balanced against their potential to induce metabolic abnormalities, it is important to gain a better understanding of the mechanism(s) by which protease inhibitors induce these effects so that improved drugs and therapeutic regimens can be developed. Here, we present evidence for decreases in viability and secretory function of ␤-cells exposed to clinically used HIV-protease inhibitors under in vitro and in vivo conditions.
RESEARCH DESIGN AND METHODS

Materials.
The HIV-protease inhibitors were supplied by the pharmacy at the Washington University School of Medicine AIDS Clinical Trials Unit (St. Louis, MO) or The AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, and NIH (http://www. aidsreagent.org/). Zucker wild-type lean (ZWT) and Zucker diabetic fatty (ZDF) rats were purchased from Charles River Laboratories (Wilmington, MA). 832/13 INS-1 insulinoma cells were generously provided by Dr. C. Newgard (Duke University Medical Center, Durham, NC). Human islets were obtained through the ICR Basic Science Islet Distribution Program. Other materials were obtained from the following (sources): rainbow molecular mass standards and enhanced chemiluminescence reagent (Amersham, Arlington Heights, IL); SYBR Green PCR Kit (Applied Biosystems, Foster City, CA); Coomassie reagent, SDS-PAGE supplies, and Triton X-100 (Bio-Rad, Hercules, CA); Hanks' balanced salt solution (HBSS), heatinactivated fetal bovine serum, L-glutamine, and CMRL tissue culture medium (GIBCO, Grand Island, NY); Immobilon-P PVDF membrane (Millipore, Bedford, MA); in situ cell death detection (Roche Diagnostics, Indianapolis, IN); primary and secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA); common reagents, protease inhibitor cocktail (PIC), and salts (Sigma Chemical, St. Louis, MO); and penicillin and streptomycin (Tissue Culture Center, Washington University, St. Louis, MO).
ZDF and ZWT rats. Five-week-old male ZDF and ZWT rats were maintained in a 12:12-h light-dark cycle, weighed daily, and fed commercial rat chow (Ralston-Purina, St. Louis, MO.) with free access to water. Food consumption was measured 4 days a week, and rats were pair fed to equalize food consumption among all groups. All animal procedures were approved by the Animal Studies Committee at Washington University School of Medicine (St. Louis, MO).
Vehicle and indinavir administration to rats. Five-week-old ZDF rats (n ϭ 8 in each group) were randomly separated into eight groups and administered either vehicle, two nucleoside reverse transcriptase inhibitors (NRTIs), indinavir (IDV, 170 mg/kg), or NRTIs ϩ IDV. The NRTI combinations used were didanosine (ddl, 29 mg/kg) ϩ lamivudine (3TC, 43 mg/kg); stavudine (d4T, 5.5 mg/kg) ϩ 3TC; or zidovudine (AZT, 21 mg/kg) ϩ 3TC. The drugs were suspended in vehicle (sterile water) and administered by oral gavage twice a day for 7 wk to mimic the route of administration in humans. The ZWT rats were separated into two groups and treated with either vehicle or IDV alone. The IDV dose and route of administration were based on rodent studies (8, 10) and the high metabolic rate of rodents. At weekly intervals starting at 5 wk of age, an aliquot of blood was obtained by tail snip from overnight-fasted rats. Plasma glucose concentration was determined using an automated glucose analyzer (Yellow Springs Instruments, Yellow Springs, OH), and plasma insulin concentration was determined using an ultrasensitive rat insulin ELISA kit (Crystal Chem, Downers Grove, IL), according to the manufacturer's instructions.
INS-1 cell culturing and treatment. The 832/13 INS-1 cells were seeded in 24-well plates and cultured in RPMI 1640 medium containing 10% fetal calf serum, 10 mM HEPES, 2 mM L-glutamine, 1 mM Na-pyruvate, 50 M ␤-mercaptoethanol, 11 mM glucose, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C and 5% CO2-95% air, as described (36) . At ϳ75% confluence, the culturing medium was replaced with medium containing DMSO alone or with 20 M indinavir, ritonavir, lopinavir, atazanavir, or tipranavir. The concentration of protease inhibitor chosen was based on earlier acute studies examining glucose uptake (20) . The drug-containing medium was replaced every 12 h with fresh medium containing DMSO or protease inhibitors. Insulin content in the medium was determined over a 48-h period by RIA. The cells were then harvested to determine by flow cytometry analyses the incidence of apoptosis. Additionally, following exposure to 1-20 M ritonavir (RTV) or atazanavir (ATV) for 48 h, the cells were equilibrated in medium containing 0 mM glucose for 1 h. The medium was then replaced with one containing either 1 mM glucose or 20 mM glucose. After 1 h, insulin content in the medium was measured by RIA, and INS-1 cell protein concentration was determined using Coomasie reagent.
Human islet culturing and treatment. Human islet suspensions provided by the ICR were immediately cleaned of nonislet material, and 500 islets/2 ml complete CMRL 1066 (cCMRL, containing 10% fetal bovine serum, 100 U/ml penicillin, 2 mM glutamine, and 25 mM HEPES, 5.5 mM glucose, pH 7.4) were cultured overnight at 37°C under an atmosphere of 5% CO2-95% air. Each batch of islets was then incubated with DMSO vehicle or 20 M indinavir (IDV), RTV, or ATV. The medium was changed every 12 h for up to 96 h. The islets were washed twice with Krebs-Ringer buffer [KRB, containing (in mM): NaCl (115), NaHCO3 (24), KCl (5), MgCl2 (1), HEPES (25) , glucose (1), and 0.10% BSA, pH 7.3] and divided into groups of 20 islets. The islets were equilibrated for 1 h in KRB, and the buffer was then replaced with one containing either 3 mM glucose or 20 mM glucose. After 1 h, insulin content in the medium was measured by RIA and islet protein concentration using Coomasie reagent.
Rat islet isolation. Islets were isolated from ZWT rats administered vehicle or IDV for 3 wk after pancreatic excision, collagenase digestion, centrifugation through a discontinuous Ficoll gradient, and manual selection under stereomicroscopic visualization to exclude contaminating tissues, as described (25) . The islets were resuspended in cCMRL, transferred into Falcon Petri dishes containing 2.5 ml of cCMRL, and cultured overnight under an atmosphere of 5% CO2-95% air at 37°C. The islets were then harvested and mounted onto slides by cytospin and processed for TUNEL analyses, as described below.
TUNEL staining to detect DNA cleavage and apoptosis. TUNEL staining analyses were done using a kit, according to manufacturer's instructions. INS-1 cells exposed to vehicle or protease inhibitor were harvested at 24 and 48 h and washed twice with ice-cold phosphatebuffered saline (PBS). INS-1 cell apoptosis was assessed by measuring TUNEL fluorescence by flow cytometry, and the percentage of TUNEL-positive cells was determined by analyzing 10,000 cells.
Islets (human or rat) were immobilized on slides by cytospin and fixed with 4% paraformaldehyde (in PBS, pH 7.4, 1 h, room temperature). The islets were then washed (3 ϫ 5 min) with PBS and incubated in permeabilization solution (0.1% Triton X-100 in 0.1% sodium citrate in PBS, 30 min, room temperature). The permeabilization solution was then removed, TUNEL reaction mixture (50 l) was added, and the islets were incubated in a humidified chamber (1 h, 37°C). The islets were washed again with PBS (3 ϫ 5 min) and counterstained with 1 g/ml DAPI (4Ј,6Ј-diamidino-2-phenylindole) in PBS for 10 min to identify cellular nuclei. Incidence of islet cell apoptosis was assessed under a fluorescence microscope using an FITC filter. Islet cells with TUNEL-positive nuclei were considered apoptotic. DAPI staining of nuclei was used to identify islet cell number, and the percentage of TUNEL-positive cells relative to total cell number was determined.
Assessment of INS-1 cell mitochondrial membrane potential by flow cytometry. Loss of mitochondrial membrane potential (MitoMP)
is an important step in the induction of cellular apoptosis. INS-1 cell MitoMP was measured using a commercial kit according to the manufacturer's instructions, as described (22) . Briefly, harvested cells were washed once with PBS and resuspended in 100 l of the same buffer (ϳ10 5 cells/ml). Mito Flow fluorescent reagent (5 l) was added, and the cell suspension was incubated at 37°C for 30 min. The cells were then transferred to fluorescence-activated cell sorting tubes and diluted 1:5 with buffer provided in the kit. Fluorescence in cells was analyzed by flow cytometry (BD Biosciences, San Jose, CA) at an excitation wavelength of 488 nm.
Subcellular fraction preparation. INS-1 cells were harvested and washed twice (750 g, 5 min, 4°C) with 10 volumes of ice-cold PBS. The cell pellet was suspended in 3 volumes of ice-cold isolation buffer (20 mM HEPES-KOH, pH 7.8, 250 mM sucrose, 1 mM EGTA, 10 mM potassium chloride, supplemented with protease inhibitor cocktail (PIC; 50 l/ml). The cells were placed on ice for 15 min and then transferred to a Dounce homogenizer (Kimble/Kontes, Vineland, NJ) and disrupted by douncing 15 times on ice. The homogenate was centrifuged at 800 g for 5 min to remove unbroken cells and nuclei, and the supernatant was centrifuged at 15,000 g for 15 min at 4°C to obtain mitochondria. The supernatant was subjected to further ultracentrifugation at 100,000 g. The resultant supernatant was the cytosolic fraction.
Immunoblotting analyses of apoptotic factors. An aliquot (containing 30 g of protein) of cytosol was analyzed by SDS-PAGE (8 or 15%), transferred onto Immobilin-P PVDF membranes, and processed for immunoblotting analyses, as described (22) . The targeted proteins and the ([1°antibody]) were as follows: phosphorylated phosphopancreatic endoplasmic reticulum (ER) kinase (PERK; 1:1,000), C/EBP homologous protein (CHOP; 1:500), caspases (1:1,000), poly-(ADP)-ribose polymerase (PARP; 1:1,000), cytochrome c (1:1,000), and tubulin (1:500) or GAPDH (1:200) control. Secondary antibody dilutions for PARP and tubulin were 1:5,000 and for the rest were 1:10,000. Immunoreactive bands were visualized by enhanced chemiluminescence.
RESULTS
Long-term administration of IDV to rats promotes a decrease in circulating insulin levels. Inclusion of protease inhibitors in the treatment of people living with HIV
ϩ is recognized to be associated with metabolic complications that includes onset of type 2 diabetes mellitus (T2DM). Because most studies to date have examined the development of insulin resistance and hyperglycemia following protease inhibitor exposures under acute and in vitro conditions, we examined the effects of long-term (7 wk) and in vivo IDV exposures on circulating glucose and insulin levels in ZDF rats that are genetically predisposed to developing T2DM. We found that administration of IDV to ZDF rats increases circulating glucose levels within 3 wk, relative to vehicle-administered rats, and that this occurs despite a parallel rise in insulin levels during the first 2-4 wk (Fig. 1, A and B) . Surprisingly, although the hyperglycemic state worsened during the final 3 wk of IDV exposure, insulin levels progressively decreased during this period. As illustrated in Fig. 2, A and B, the average Fig. 1 . Weekly fasting plasma glucose and insulin levels in Zucker diabetic fatty (ZDF) rats administered nucleoside RT inhibitors (NRTIs) Ϯ indinavir (IDV). Male ZDF rats were administered vehicle, IDV, or NRTIs Ϯ IDV from 5 to 12 wk of age. An aliquot of blood was collected at weekly intervals from overnight-fasted rats for plasma glucose and insulin measurements, and weekly mean values Ϯ SE (n ϭ 8 in each group) are presented. A: plasma glucose. B: plasma insulin levels. IDV (170 mg/kg), ddl (didanosine, 29 mg/kg), 3TC (lamivudine, 43 mg/kg), d4T (stavudine, 5.5 mg/kg), and AZT (zidovudine, 21 mg/kg) were administered to the rats, as described in RESEARCH DESIGN AND METHODS.
glucose levels were higher and the insulin levels lower in the IDV group during weeks 5-7 of administration compared with the vehicle-administered group.
In comparison, NRTI combination regimens [didanosine (ddl) ϩ lamivudine (3TC), stavudine (d4T) ϩ 3TC, and AZT ϩ 3TC)] induced a delayed rise in glucose levels starting at 5 wk (Fig.  1A ) that was not accompanied by a decrease in insulin levels during the final 3 wk of administration (Fig. 1B) . In fact, average circulating insulin levels during the last 3 wk in NRTI-administered rats were similar to those in vehicle-administered animals (Fig. 2B) . However, coadministration of IDV with the NRTIs accelerated the onset of a rise in glucose levels (Fig. 1A) and exacerbated the hyperglycemia during the final 3 wk of administration ( Fig. 2A) that was now accompanied by decreases in insulin levels (Fig. 2B) , similar to the IDV-alone-administered group. These findings suggest that, in addition to promoting an insulin resistance state, protease inhibitors may also have previously unrecognized effects on ␤-cell viability and/or secretory capacity. We therefore addressed this possibility in the absence of background hyperglycemia or hyperlipidemia in studies described below using insulinoma cells, isolated human pancreatic islets, and rat pancreatic islets isolated from ZWT rats.
IDV exposure leads to apoptosis of insulinoma cells. To assess the effects of protease inhibitors on ␤-cell viability, 832/13 INS-1 cells, a genetically engineered insulinoma cell line that exhibits higher insulin-secretory capacity than parental cells and is widely used to study ␤-cell function, were exposed to IDV for up to 48 h. The cells were harvested at various times, and flow cytometry was used to quantitate TUNEL-positive cells. This assay relies on the gain in fluorescence of cells undergoing apoptosis, which causes a shift in the fluorescence intensity peaks to the right. Although there were minimal changes at 24 h (data not shown), exposure to IDV for 48 h caused a significant shift in the fluorescence peak to the right of the control peak (Fig. 3A) , suggesting an increase in the population of cells undergoing apoptosis. Quantitation of TUNEL-positive cells revealed a twofold increase in the percentage of apoptotic cells following IDV exposure (Fig. 3B) . These findings are the first demonstration of HIV-protease inhibitor-induced ␤-cell apoptosis.
Effects 1. An aliquot of blood was collected at weekly intervals from overnight-fasted rats for plasma glucose and insulin measurements, and average mean values Ϯ SE (n ϭ 8 in each group) during weeks 5-7 of administration are presented. A: plasma glucose. *Significantly different from placebo group, P Ͻ 0.0001; #, †IDV groups significantly different from corresponding ϪIDV groups, where P Ͻ 0.01 and P Ͻ 0.0001, respectively; §significantly different from IDV-alone group. B: plasma insulin levels. #, †IDV groups significantly different from corresponding ϪIDV groups, where P Ͻ 0.05 and P Ͻ 0.005, respectively.
protease inhibitors also induced a rightward-shift in TUNEL fluorescence that was reflected by a two-to threefold increase in the percentage of apoptotic cells (Fig. 4B) . The fold increase in apoptosis induced by each protease inhibitor, relative to vehicle, was as follows: LPV (3.3 Ϯ 0.2) Ͼ RTV (2.5 Ϯ 0.2) ϭ ATV (2.7 Ϯ 0.3) Ͼ TPV (1.6 Ϯ 0.3). These findings indicate that HIV protease inhibitors in clinical use can cause apoptosis of insulinoma cells.
HIV protease inhibitors decrease insulin secretion from insulinoma cells. To determine whether the higher incidence of apoptosis associated with the protease inhibitors is reflected by changes in insulin-secretory capacity, basal and glucose-stimulated insulin secretion from the INS-1 cells were determined. As shown in Fig. 5A , basal insulin secretion was reduced following exposure to TPV for 3 h. At 24 h, insulin secretion was decreased by all protease inhibitors except ATV. However, following exposure for 48 h, basal insulin secretion was decreased in all groups. Furthermore, glucose-stimulated insulin secretion at this time was decreased from cells exposed to 1-20 M RTV or ATV relative to secretion from vehicleexposed cells (Fig. 5B ). The findings with the insulinoma cells therefore reveal for the first time that protease inhibitors may have direct effects on the viability and secretory function of these cells and suggest that the HIV protease inhibitors in clinical use could have adverse affects on pancreatic islet ␤-cell viability and function. They further suggest that longer exposures to even the newer-generation HIV protease inhibitors (ATV and TPV) can induce decreases in cell viability and function.
HIV protease inhibitors induce apoptosis of human pancreatic islet cells. To examine the effects of HIV protease inhibitors on islet cells, we utilized native human pancreatic islets, which were prepared and provided to us by an islet procurement site (through the ICR and JDRF) site within 24 h of isolation. Due to the limited availability of the human islets, we compared one older-(RTV) with one newer-generation (ATV) protease inhibitor. The islets were exposed to vehicle, 1-20 M RTV, or 1-20 M ATV for up to 96 h, and the incidence of islet cell apoptosis was assessed by TUNEL staining analyses using fluorescence microscopy. The percentages of apoptotic cells relative to total cell number, determined by counting DAPI-stained cell nuclei, were found to be significantly higher in the RTV and ATV groups than in vehicle-exposed islets (Fig. 6A) . Whereas concentration-and time-dependent increases in apoptosis were seen with RTV, the apoptosis induced by ATV was found to be similarly increased at all concentrations and times tested (Fig. 6A) . Moreover, islets exposed to the protease inhibitors tended to be smaller than islets exposed to vehicle only (Fig. 6B ). Although these analyses are more likely to identify surface islet cells, these findings suggest that pancreatic islet cells are susceptible to undergoing apoptosis following exposure to HIV protease inhibitors that are currently in clinical use.
HIV protease inhibitors decrease glucose-stimulated insulin secretion from human pancreatic islets. We next examined whether protease inhibitor-induced apoptosis of human pancreatic islet cells affects stimulated insulin secretion from these islets. Human pancreatic islets were exposed to vehicle or protease inhibitors for 96 h and subsequently treated with either 3 mM glucose or 20 mM glucose. As shown in Fig. 7 , insulin secretion from vehicle-treated islets in the presence of 20 mM glucose was nearly fivefold higher than under basal conditions (3 mM glucose). In contrast, although basal secretion was unaffected by exposure to IDV, RTV, or ATV, insulin secretion from islets exposed to the protease inhibitors in response to 20 mM glucose was decreased by 60 -80%. Collectively, the findings in human islets indicate that HIV protease inhibitors in clinical use affect native pancreatic islet ␤-cell viability and insulin-secretory capacity and suggest that their in vivo effects on pancreatic islet cell viability and function need to be considered.
Long-term treatment of ZWT rats with IDV induces pancreatic islet cell apoptosis. Because data obtained in ZDF rats (Figs. 1 and 2 ) suggested a decrease in insulin secretion with IDV exposures, we examined the in vivo effects of IDV administration on pancreatic islets in ZWT lean rats, which are not predisposed to becoming diabetic or hyperlipidemic. The rats were administered either vehicle or IDV for 3 wk, and pancreatic islets were isolated and processed for TUNEL analyses. Unexpectedly, the number of islets recovered from the IDV-administered rats was nearly 30 -50% of the islet yield from vehicle-administered ZWT rats, and this precluded the possibility of performing insulin secretion assays or continuing IDV administration for a longer time. Furthermore, whereas vehicle-exposed islets appeared to maintain uniform structure and had few TUNEL-positive cells (Fig. 8A) , IDV-exposed islets lost their shape and contained nearly fourfold greater number of TUNEL-positive cells (Fig. 8B) .
HIV protease inhibitors do not induce ER stress factors in INS-1 cells.
To elucidate a mechanism by which protease inhibitors induce ␤-cell apoptosis, we examined whether they do so by causing ER stress, as suggested in a recent study (34) . ER stress response is associated with phosphorylation of PERK leading to its activation and increased expression of the ER apoptotic factor CHOP. However, as shown in Fig. 9 , there was neither a change in the abundance of activated PERK in pancreatic islets isolated from rats administered IDV for 3 wk (Fig. 9A) , nor was there a significant increase in CHOP immunoreactivity in INS-1 cells exposed to protease inhibitors for 48 h (Fig. 9B) . These findings suggest that HIV protease inhibitor-induced ␤-cell apoptosis occurs, most likely, via an ER stress-independent pathway.
Activation of caspases following exposure to HIV protease inhibitors. Activation of caspases, through their cleavage, is required for the execution of apoptosis. As shown in Fig. 10 , HIV protease inhibitors promoted generation of active cleaved caspases, including mitochondria-associated caspase-9. A key protein that is selectively cleaved at the onset of apoptosis by caspases is poly(ADP-ribose) polymerase (PARP) (29) . Cleavage of PARP leads to generation of an active product that facilitates cellular disassembly (32) , and exposure of INS-1 cells to protease inhibitors for 48 h resulted in the cleavage of PARP to the 89-kDa active product, supporting activation of caspases and induction of apoptosis by the protease inhibitors. These findings raised the possibility that ␤-cell apoptosis due to HIV protease inhibitors occurs via the mitochondrial apoptotic pathway.
HIV protease inhibitors promote MitoMP loss and cytochrome c release. To address the possibility that HIV protease inhibitors induce the mitochondrial apoptotic pathway, we monitored MitoMP and cytosolic cytochrome c accumulation following exposure to these drugs. Loss of MitoMP is a hallmark of cellular apoptosis, and this was assessed in a suspension of cells to which a fluorescent Mito Flow reagent was added. The reagent concentrates in the mitochondria of healthy cells, but mitochondria of cells undergoing apoptosis become compromised and accumulate less of the reagent, and this is reflected by a decrease in the fluorescence signal and emergence of a second peak to the left of the original. This peak represents cells losing MitoMP and their percentage, relative to total cell number, was analyzed by the application software and is indicated as M1. The spectra presented in Fig. 11A reflect fluorescence measurement in 10,000 INS-1 cells following exposure to vehicle, RTV, or ATV for 24 and 48 h. As illustrated in Fig. 11, A and B, RTV at 24 and 48 h and ATV at 48 h induced losses in MitoMP relative to the vehicle group, and this was accompanied by increased accumulation of cytochrome c in the cytosol (Fig. 11C) . Both of these events are recognized to occur during activation of the mitochondrial apoptotic processes, suggesting that ␤-cell apoptosis due to HIV protease inhibitors most likely involves the intrinsic pathway.
DISCUSSION
Although protease inhibitor use has significantly reduced the incidence of morbidity and mortality among people living with Fig. 4 , and insulin content in a 50-l aliquot of medium collected at various times during 48-h exposure period was determined by RIA. Data are mean Ϯ SE percentage values of insulin secretion from PI-exposed cells relative to cells exposed to only vehicle (n ϭ 6 -14 in each group). *,#PI-administered group significantly different from vehicle group, where P Ͻ 0.05 and P Ͻ 0.005, respectively. B: glucose-stimulated insulin secretion. After 48-h exposure period to 1-20 M ritonavir (R) or atazanavir (A), cells were incubated in medium containing 1 or 20 mM glucose for 1 h. Insulin content in the medium was then determined by RIA. *,#Significantly different from control 20G responses, P Ͻ 0.005 and P Ͻ 0.01, respectively.
HIV
ϩ , a number of metabolic complications are reported to occur with their use. They include development of peripheral lipoatrophy, visceral adiposity, hyperlipidemia, insulin resistance, hyperglycemia, and overt T2DM (7) . Recently, we demonstrated a dramatic exacerbation of hyperglycemia and glucose intolerance in male ZDF rats, genetically predisposed to developing diabetes, administered a HIV protease inhibitor for 7 wk (6). These findings are consistent with development of an abnormal metabolic profile that is associated with HIV protease inhibitors.
Here, we report that continued administration of IDV to the ZDF rats causes a decrease in circulating insulin levels. In contrast, NRTIs, while also exacerbating hyperglycemia in the ZDF rats, did not cause a decrease in insulin levels. However, coadministration of a protease inhibitor with the NRTIs resulted in a decrease in insulin levels that was similar to that seen with the protease inhibitor alone. These findings reaffirm that protease inhibitors included in the treatment regimen contribute significantly to the increased incidence of metabolic abnormalities observed in people living with HIV ϩ . They further raise the possibility that protease inhibitors can interfere with the normal functioning of pancreatic islet ␤-cells.
In the present study, we examined this possibility using insulinoma cells, human pancreatic islets, and rat pancreatic islets following short in vitro and longer in vivo exposures to protease inhibitors. We compared the effects of a first-generation HIV protease inhibitor, indinavir, with HIV protease inhibitors that are currently in clinical use. These included RTV, lopinavir (LPV), and the newer generation protease inhibitors ATV and TPV. Because these protease inhibitors are rapidly metabolized in vivo, they are given in combination with RTV in the clinical setting to prolong their bioavailability. For the purpose of our studies, we examined the effects of exposure to individual protease inhibitors. We have found that in vitro exposure to these protease inhibitors for 48 -96 h induces apoptosis of insulinoma and pancreatic islet cells that is reflected by decreases in basal and secretagogue-stimulated insulin secretion. Furthermore, we find a higher incidence of apoptosis in pancreatic islets isolated from rats administered IDV for 3 wk.
An earlier study reported a decrease in glucose-stimulated insulin secretion from mouse islets incubated with several different protease inhibitors, including IDV, for only 10 min, and this was attributed to inhibition of glucose transport func- tion (20) . The reversibility of this effect following such acute exposures suggested that the protease inhibitors may contribute to a hyperglycemic state in genetically predisposed individuals. Our findings in the protease inhibitor-administered ZDF rats supports this possibility. In contrast to the findings of Koster et al. (20) , a subsequent study (43) reported that glucose plus carbachol-stimulated insulin secretion from isolated rat pancreatic islets exposed to IDV for 48 h was not significantly different from secretion from vehicle-exposed control islets. A potential reason for the discrepancy between the two studies might be related to the differences in insulin secretion profile between mouse and rat islets. In neither of these studies, however, was the viability of islets cells examined.
Similar to the latter study, we also found no difference in insulin-secretory function in human pancreatic islets exposed to protease inhibitors for 72 h, although islet cell apoptosis was evident as early as 24 h. By 96 h, however, glucose-stimulated insulin secretion from the human islets was significantly reduced. These findings raise the possibility that decreases in ␤-cell secretory capacity following exposure to HIV protease inhibitors may be a result of a combination of ␤-cell apoptosis and additional independent deleterious effects of the drugs on the secretory pathway. We also found evidence of cell death in pancreatic islets isolated from rats administered a protease inhibitor for 3 wk. Curiously, the islet yield from those animals was minimal, suggesting that either the number of islets was Fig. 7 . HIV-PI-induced decrease in glucose-stimulated insulin secretion from human pancreatic islets. Human pancreatic islets were first exposed to vehicle, RTV, or ATV for 96 h. Islets from each group were then separated into 20 islet batches and incubated in KRB containing 3 or 20 mM glucose for 1 h. Insulin release in a 50-l aliquot of medium was then determined by RIA. Data are mean Ϯ SE percentage values of insulin secretion from PI-exposed islets relative to islets exposed to only vehicle (n ϭ 4 -6 in each group). *Vehicle 20G group significantly different from vehicle 3G group, P Ͻ 0.0001; #, †significantly different from vehicle 20G group, P Ͻ 0.001 and P Ͻ 0.005, respectively. Fig. 9 . Immunoblotting analyses of endoplasmic reticulum (ER) factors following HIV-PI exposure. A: phosphorylated phospho-pancreatic ER kinase (PERK) immunoreactivity in pancreatic islets. Pancreatic islets were isolated from rats administered either vehicle or indinavir (n ϭ 3 in each group) for 3 wk, and expression of ER stress factor phosphorylated PERK was examined. B: C/EBP homologous protein (CHOP) immunoreactivity in INS-1 cells. INS-1 cells were exposed to vehicle or PIs for 48 h, and expression of ER stress apoptotic factor CHOP was examined. Fig. 8 . Induction of islet cell apoptosis in Zucker wild-type (ZWT) rats administered IDV for 3 wk. Male ZWT lean rats were administered either vehicle (V) or IDV (170 mg/kg twice a day) from 3 to 6 wk of age, as in Fig. 1 . A: TUNEL analyses. Islets were isolated from 3-wk vehicle-and IDV-administered rats and processed for TUNEL analyses, as in Fig. 5 . B: TUNEL-positive cell quantitation. Data are presented as mean Ϯ SE of the percentage of apoptotic cells relative to total number of DAPI-stained cells in each group (n ϭ 11 in each group). *IDVadministered group significantly different from vehicle, P Ͻ 0.001. reduced or that the loss of ␤-cells altered the density of the islets such that they could not be recovered in the gradient fraction expected to contain normal, healthy islets. The recovered islets in fact showed signs of significant damage, as most appeared to have lost their structural integrity. Collectively, the findings under in vitro and in vivo conditions indicate that exposures to protease inhibitors can cause decreases in ␤-cell viability and function. These effects clearly appear to occur following longer exposures to protease inhibitors than were previously examined (20, 43) .
It has been suggested that protease inhibitors possess both antiapoptotic and proapoptotic effects (2) , and a recent report suggested that the first-generation protease inhibitor nelfinavir and the newer-generation protease inhibitor ATV induced malignant glioma death by inducing ER stress (34) . However, we found no increase in activated PERK in islets from IDVadministered rats or induction of ER apoptotic factor CHOP in INS-1 cells exposed to RTV, LPV, or ATV, although all protease inhibitors induced cleavage of PARP, a caspasemediated process. These findings suggest that that the HIV protease inhibitors studied induce INS-1 and pancreatic islet cell apoptosis by a mechanism that most likely does not include the ER stress pathway.
Alternatively, apoptosis can also be induced by a pathway involving the mitochondria and several protease inhibitors (nelfinavir, RTV, saquinavir) have been reported to induce mitochondrial damage (3, 38) . The likelihood that the intrinsic apoptotic pathway is induced is supported by the finding that exposure to HIV protease inhibitors in the present study led to the activation of mitochondria-associated caspase-9. We further examined this possibility by assessing MitoMP of INS-1 cells following exposure to RTV or ATV. Loss in MitoMP is a hallmark of apoptosis and leads to the release of cytochrome c into the cytosol. We found that RTV and ATV exposures lead to decompensation of INS-1 cell MitoMP and increases in cytochrome c levels in the cytosol. Both of these events are recognized to occur during the induction of mitochondrial apoptotic pathway, suggesting that protease inhibitors activate this pathway.
In summary, our data indicate that several HIV protease inhibitors currently in clinical use induce ␤-cell apoptosis via the mitochondrial pathway. Although the newer-generation drugs by themselves might appear to have a lower level of ␤-cell toxicity, the potential advantage of using them is negated by the fact that they are coadministered with RTV, which appears to be very toxic to the ␤-cells. Our findings therefore suggest that the effects of protease inhibitors on ␤-cells need to be considered when assessing glucose homeostasis or the development of diabetes in people living with HIV ϩ and taking HIV protease inhibitors.
